Carbon footprint (CF) is an increasingly important indicator of the impact of a product on climate change. This study followed international guidelines to quantify the CF of milk produced on 24 grazing-based dairy farms in southern Uruguay. Cows grazed all year-round and were supplemented with concentrate feeds. Dairy farms varied in annual milk yield per cow (5672 ± 1245 kg fat and protein corrected milk [FPCM]), milk production per ha (4075 ± 1360 kg FPCM/ha), cow stocking rate (0.71 ± 0.12 cows/ha), feed intake (13.3 ± 2.2 kg dry matter [DM]/cow/day) and percentage of concentrate in the diet (36 ± 12% DM) giving an average CF of 0.99 ± 0.10 kg CO 2 (equivalent [eq]/kg FPCM) over all farms. Total milk production per ha, milk yield per cow and dry matter intake explained most of the variation in CF. Strategies that provide the highest milk production per ha using high yielding cows and a high portion of lactating cows in the herd were identified as the best management practices for reducing CF. Low forage intake in Uruguay is often a consequence of low yielding pastures and high stocking rates. Overall, this study concluded that a reduction in CF is not achieved through increased concentrate intake unless forage consumption is also unconstrained. Improved pasture and feeding management can be used to reduce the CF of milk produced in Uruguay.
Introduction
Livestock are believed to be a significant contributor to climate change, representing 14.5% of anthropogenic greenhouse gas (GHG) emissions (Gerber et al., 2013) . Beef and milk production, are the major contributors and due to their high cattle number the Latin America and the Caribbean regions have been responsible for the highest livestock´s emissions, 1.3 Gt CO 2 equivalent (eq) (Gerber et al., 2013) . In countries with a large livestock industry like Uruguay, agriculture contributes about 80% of the total GHG emission with most farms using pasture-based livestock production systems (Dirección Nacional de Medio Ambiente [DINAMA] , 2010). However, the total GHG emission for Uruguay for the year 2004 represented just 0.05% of global anthropogenic GHG emissions (DINAMA, 2010) . Still GHG emissions have become an important issue for the country due to the large amount of commodities exported, including 74% of dairy products (Estadísticas Agropecuarias [DIEA] , 2013), and the current international concern of consumers for a product´s carbon footprint (CF) (Flysjö, Henriksson, Cederberg, Ledgard, & Englund, 2011; Rotz, Montes, & Chianese, 2010) .
A product's CF is the sum of the net GHG emitted throughout the life cycle of the product, within a set of system boundaries, in a specific application, and in relation to a defined amount of a specified product (International Dairy Federation [IDF] , 2010). To calculate CF for agricultural products, a life cycle assessment (LCA) is needed where all inputs and outputs of the system are considered up to the farm gate or beyond in the production cycle .
Assessing GHG emissions from dairy production systems as a whole is the best way to measure the effectiveness of mitigation strategies. Several studies have evaluated the influence of management practices on milk CF (Guerci, Bava, Zucali, Sandrucci, & Penati, 2013; Yan, Humphreys, & Holden, 2013; Crosson et al., 2011; Henriksson, Flysjö, Cederberg, & Swensson, 2011; Kristensen, Mogensen, Knudsen, & Hermansen, 2011; Rotz et al., 2010; Beukes, Gregorini, Romera, Levy, & Waghorn, 2010; Lovett, Shalloo, Dillon, & O`Mara, 2006; Casey, & Holden, 2005a , 2005b . For New Zealand grassland systems, Beukes et al. (2010) evaluated the impact of improved cow efficiency (higher genetic merit), improved pasture management (better pasture quality), and maize silage on GHG emissions. Their study concluded that implementation of a combination of strategies could decrease GHG emissions by 27-32% with the potential of increasing profitability. A study of pastoral based systems in Ireland evaluated two contrasting production systems and determined the effect of six different management scenarios with variations in pasture quality, pasture utilization, nitrogen fertilizer application rate, silage quality, concentrate use and mean calving rate (Lovett et al., 2006) . Their findings confirm that simple management changes, if implemented in combination, can be effective in reducing GHG emissions while improving farm profit.
In order to study the impact of management practices at the farm level multivariate analysis is a useful tool. This type of analysis deals with the examination of numerous variables simultaneously in order to study the relationship between them and the CF. To date, a few studies have evaluated the impact of a combination of management practices such as feeding strategies and herd management on milk CF for actual dairy farms using multivariate analysis (Guerci et al., 2013; Yan et al., 2013; Kristensen et al., 2011) . In Uruguay, some characteristics of dairy farms and the agriculture sector differ from those of other countries where most of the LCA studies on dairy products have been carried out. Uruguayan dairy farms are characterized by a high diversity of land use and production strategies. Additionally, dairy farms are undergoing a change from grassland-based livestock systems to mixed crop farming systems with increased production levels of raw milk and increased nutrient inputs through purchased feeds and fertilizers (DIEA, 2010) . This makes Uruguayan dairy systems a relevant case study of a global trend. Thus, the objectives of this work were to estimate the CF of the milk produced on 24 Uruguayan dairy farms and to evaluate the impact of management practices on this footprint using multivariate analysis.
Method

Uruguayan Milk Production Systems and Data Sources
In Uruguay, cows normally graze year-round on grass-clover pastures lasting three to four years and annual grass pastures. Varying amounts of conserved forage (maize/sorghum and grass silage) are used to sustain milk production when pasture growth is low. Grass and maize/sorghum silage are usually produced on the farm. During lactation, cows receive concentrates to meet the nutrient requirements of their expected production level. The dairy herd is predominantly Holstein and the average mature cow weight of the herd is 550 kg. Cows calve year-round, but most between March and September to avoid calving during summer. Since the cows graze outdoors year-round, no animal housing is needed and the only building required is a milking parlor. In 2011, a national average production of 4857 kg milk per cow (3.70% fat and 3.31% protein content) was delivered by the dairy industry (DIEA, 2013) . The average lactation cycle was about 13 months and replacement heifers were reared on the farm. The average replacement rate of the milking herd was 33%, and heifers typically produced their first calf at 27 months of age (DIEA, 2009) .
In this study, we used data collected from 24 actual dairy farms located in southern Uruguay, where most of the dairy farms are located. Farms were not randomly selected, so they were not necessarily a representative sample of the country. Most of the dairy farms analyzed were members of FUCREA (Federación Uruguaya de Consorcios Regionales de Experimentación Agrícola), an Uruguayan farmer´s association. The farms selected for the study had a history of good record keeping with the use of professional technical assistance. Therefore, quality data were a criterion for including farms in the study. Another criterion was that heifers were reared on the farm. Information was collected through a semi structured questionnaire and interviews with reference to the fiscal year 2010-2011. The quality of the data was evaluated through expert knowledge. Data collected from dairy farms included productive land area, portion of area occupied by each pasture type, amount and type of concentrate supplied, amount of forage conserved as silage or hay, total milk production, milk yield per cow, milk fat and protein contents, number of cows and replacement stock, cow weight, calving rate, cow replacement rate, age at first calving and mortality rate. Animals sold (culled cows and surplus heifers) were also recorded.
Model Used to Quantify Milk Carbon Footprint
The milk CF for each dairy farm was determined using a software tool called CIPIL (Comisión Inter-CREA de Producción Intensiva de Leche) Dairy System Model (Astigarraga, 2004) . This model used an EXCEL spreadsheet format to simulate biological, physical and environmental processes of a dairy farm over a 12 month period. The CIPIL Dairy System Model integrates the animal and forage production activities linked and bounded by different constraints: structural (arable land area), agronomic (pasture rotation, expected forage yield and digestibility for each pasture type) and animal (total energy requirement and a limit on ruminal fill). The CIPIL Dairy System Model determines the combination of activities that satisfies all constraints using linear programming. The feed requirements of all animals were calculated using the AFRC system (Agricultural and Feed Research Council [AFRC] , 1993), according to their age, live weight, growth rate, milk production per ha and pregnancy status.
The model estimates animal feed intake, performance, and manure production as affected by the indigestibility of the diet consumed by the animals. GHG emissions are estimated based on data from the farm using the tier 2 method of the IPCC (Intergovernmental Panel on Climate Change [IPCC], 2006a; 2006b , 2006c and following IDF guidelines (IDF, 2010) . The contribution of each GHG is integrated using the global warming potential expressed in kg of equivalent CO 2 (kg CO 2eq ) for a 100 year time horizon. The total is the sum of each of the gases weighted by their respective coefficients of equivalence: 1 kg CO 2 = 1 kg CO 2 eq, 1 kg CH 4 = 25 kg CO 2 eq, and 1 kg N 2 O = 298 kg CO 2 eq (IPCC, 2007) . The outputs of the model were animal production (raw milk, delivered milk, culled cows and heifers sold), milk yield per cow, number of milking cows, calves and heifers, animal feed intake, and purchased feed (concentrate), GHG emissions and CF. To assure that the most important aspects of the farm were properly represented by the model, some variables (total milk production, milk yield per cow, herd composition, cows per ha, total amount of concentrate per cow) were used to verify the ability of the model in representing each farm system.
Functional Unit and System Boundaries
The methodology of the International Dairy Federation (IDF, 2010) was also followed where the functional unit was 1 kg of fat and protein corrected milk (FPCM). Using FPCM as the basis for farm comparisons assured a fair comparison between farms with different breeds or feed regimes producing differing levels of milk solids. Dairy production may be defined as multifunctional, where meat is also a saleable product. Several methodologies, can be used to allocate emissions across these co-products, but the methodology chosen affects estimations of GHG intensity on dairy products (Mc Geough et al., 2012; Flysjö et al., 2011; Cederberg & Stading, 2003) . In our study, allocation between milk and meat was done using the biological method as recommended by IDF (2010), based on the feed energy required to produce the amount of milk and meat leaving the farm. Figure 1 . Emission sources contributing to the carbon footprint of dairy production systems System boundaries were defined as "cradle to farm-gate". All important emissions of CH 4 , N 2 O and CO 2, associated with the production of resource inputs to the dairy farm, were accounted along with the direct emissions from the farm (Figure 1 ). Resource inputs included were the production of fuel, electricity, synthetic fertilizer, pesticides and seed. For practicality, IDF guidelines (2010) accept that any material or energy flow that contributes less than one percent of total emissions can be excluded. On this basis, emissions associated with the construction of agricultural buildings, machinery and plastic used on the farm were not included. Biogenic CO 2 emissions generated from feed, animal, and manure sources were also ignored assuming that they were offset by www.ccsenet.org/sar Sustainable Agriculture Research Vol. 3, No. 2; 2014 4 carbon fixation in growing feed crops.
In the last two decades, the land area used in dairy production in Uruguay has decreased (DIEA, 2012) and deforestation is not a usual practice. Therefore, we assumed there was no change in land use associated with milk production.
Greenhouse Gas Associated With the Dairy System
Methane
Methane is produced by ruminants mainly as a by-product of enteric fermentation. For estimating methane emissions, average daily feed intake expressed as gross energy intake was calculated from the diet for the dairy cows as determined by the CIPIL Dairy System Model. The methane conversion factor (Ym = 6.5% of gross energy intake) was taken from IPCC (2006a), which was similar to experimental results reported by Dini et al. (2012) for grazing dairy cows in Uruguay.
The decomposition of manure (dung and urine) under anaerobic conditions during storage and treatment also produces CH 4 . Estimated excretions were obtained using the dry matter intake and diet digestibility determined by the model. As cows graze year-round, we assumed that 90% of the urine and dung were deposited on pasture and the CH 4 emissions from these were considered negligible. The other 10% was assumed to be excreted at the milking shed being managed using an uncovered anaerobic lagoon system. This assumption was used because differences in management of the small amount of manure obtained from the milking shed would have little impact on the overall CF. Emissions were determined using a methane conversion factor of 76% and a maximum CH 4 production capacity for dairy manure of 0.24 m 3 of CH 4 /kg of daily volatile solids excretion (IPCC, 2006a).
Nitrous Oxide
Nitrous oxide emissions from soil increase through enhanced nitrification and denitrification rates as available soil N increases (IPCC, 2006b ). Direct emissions of N 2 O from the soil and stored manure were also estimated following IPCC guidelines (2006b) and their corresponding default emission factors (EF). For synthetic N fertilizer, the EF was 0.01 kg N 2 O-N per kg N applied. Since 90% of the excreta were dropped directly on pasture, that portion of manure N was applied to grassland. The N in excreta was calculated as the total N in feed intake minus the N in milk and that retained in animals (calf and heifer growth). The EF used was 0.02 kg N 2 O-N / kg N excreted. Manure in the lagoon system was considered to have negligible N 2 O emission prior to land application (IPCC, 2006b ). 
Volatilization of NH
Carbon Dioxide
In Uruguay, electricity is mainly used on farms for milking and milk cooling. For all farms, CO 2 emission during the production of electricity was estimated at 0.463 kg CO 2 eq / kWh (Cabal, Fontana, Garcia Pini, & Kramer, 2009) . During the operation of tractors and other engine-powered equipment, C in diesel is transformed to CO 2 and released in engine exhaust (Rotz et al., 2010) . The quantity of diesel fuel used per ha or per hour for pasture maintenance and feed production operations was taken from CUSA (Cámara Uruguaya de Servicios Agropecuarios [CUSA], 2011). The EF for diesel fuel was taken from IPCC (2006c) and adjusted for emissions from transportation, giving a value of 2.98 kg CO 2 eq / kg of diesel fuel consumed. Methodology described by Spielmann, Dones and Bauer (2007) was used to calculate EF of for the extraction of raw materials, manufacture, and transport of fertilizers and pesticides. Means of transportation and amounts imported in the last 5 years were obtained from the Asociación Latinoamericana de Integración [ALADI] (2011). The synthetic nitrogen fertilizer used in Uruguay is mainly urea; the EF was 0.793 kg CO 2 eq / kg of urea used. For the dairy farms studied, a typical nitrogen fertilizer rate of 40 kg N / ha was used in accordance with Díaz-Rossello and Durán (2011). The off-farm emissions of purchased feed were also taken into account.
Statistical Analysis
To identify the variables that best explained the differences in CF among the 24 farms, correlation analyses between CF and ten possible explanatory variables were determined: milk yield per cow, milk production per ha, cow stocking rate, herd efficiency (milking cows over total animals), concentrate per cow, proportion of Some management variables were strongly correlated with one another, which made interpretation of relationships between individual variables and CF difficult. We used principal component analysis (PCA) to reduce the number of variables. PCA can be conducted as long as there are fewer variables than data, but higher ratios of data to variables are recommended. We therefore removed agricultural variables that were collinear (e.g. concentrate in the diet and the concentrate fed per cow were highly correlated). We retained the following eight variables: milk yield (kg FPCM/cow/year), milk production (kg FPCM/ha/year), stocking rate (cows/ha), herd efficiency (milking cows/total stock), concentrate use per cow (kg dry matter [DM]/cow/day), dry matter intake per cow (kg DM/cow/day), N excreted per hectare (kg N/ha/year), and CF (kg CO 2 eq/kg FPCM). The PCA allowed the transformation of a set of correlated explanatory variables to new variables, the so-called principal components (PCs), which were all linear combinations of the original correlated variables.
A cluster analysis was used to study the distribution of farms when placed into homogenous groups. The classification technique selected was the ward hierarchic method. The same variables used in the PCA were retained, and as the data have metrical properties, euclidean distance was used. All statistical analyses were performed using the software InfoStat (2012). The mean and variation of the main variables analyzed for the 24 dairy farms are shown in Table 1 . The largest variations among the 24 dairy farms analyzed were farm size and annual milk production. There was some variation in milk production per ha (4075 ± 1360 kg FPCM/ha, CV = 33%), milk yield per cow (5672 ± 1254 kg FPCM/cow, CV = 22%) and stocking rate (0.71 ± 0.12 cows/ha, CV =18%). Herd efficiency (number of milking cows divided by the number of animals in the whole herd) was 0.42 ± 0.04 (CV = 10%), with a calving rate of 80 ± 8.6%, an age at fist calving of 28 ± 3.0 months, and a replacement rate of 28 ± 3%. The variation in concentrate feed intake was large (CV = 40%) with an average of 4.9 ± 2.0 kg/cow/day. This represented 36 ± 12% of the daily dry matter intake per cow. Finally, the calculated cradle-to-farm-gate CF for the 24 dairy farms was 0.99 ± 0.10 kg CO 2 eq/kg FPCM (CV=10%).
Results
Characteristics of the Dairy Farms
Principal Variables Related to Carbon Footprint
To identify variables that best explained the variation in CF among the 24 dairy farms, ten farm variables were selected and a correlation analysis was done. The correlation matrix revealed the correlation of CF with farm variables related to milk production, herd efficiency, and diet characteristics ( Table 2 ). The highest correlations were with milk yield per cow (r = -0.81, P < 0.05), milk production per ha (r = -0.78, P < 0.05), dry matter intake per cow (r = -0.69, P<0.05) and concentrate fed per cow (r = -0.71, P < 0.05). For the two variables with the highest correlation, regression analyses of their relationship with CF were conducted. Significant and decreasing relationships were found for milk yield and milk production effects on CF (Figures 2 and 3) . Milk CF as a function of milk production per unit of land area (MPA) was represented by CF = 6.024 MPA -0.219 (R² = 0.69, P < 0.001), and the milk CF as a function of milk yield per cow (MYC) was CF = 16.367 MYC -0.326 (R² = 0.68, P < 0.001). In both cases, the model was a declining exponential function, which means that CF declines at a decreasing rate as the milk yield (per hectare or per cow) increases. 
Multivariate Analysis
The PCA showed that two PCs with eigenvalues > 0.35 explained 86% of the total variance among the dairy farms (Figure 4 ). As two eigenvalues of the correlation matrix describing farm variables were larger than the preselected minimum of 1 (Kaiser criterion; Massart, Vandeginste, Deming, Michotte, & Kaufman, 1988) and accounted for 86% of the total variance in the data set, these two principle components were retained. The first PC explained 72% of the variation and it was composed of variables related to milk yield (per ha and per cow) feed and herd management practices. The second component explained 14% of the variation through variables expressed per hectare (stocking rate and N excreted per ha). Table 3 shows the eigenvectors (weights or loadings) for the standardized descriptive farm variables corresponding to each PC. The first PC is mainly explained by herd and feed variables all of them with positive loadings, except CF which has a negative effect. Milk production and milk yield had the greatest effects. Therefore, increased milk production, milk yield, dry matter intake per cow and herd efficiency all lead to a reduced on milk CF. The second PC describes variables expressed per ha, such is the case of stocking rate and N excreted which have positive loadings. There was little effect of these variables on the milk CF. Subsequently, a cluster analysis based on values of these two PCs resulted in three farm clusters, each containing data from 7 to 9 dairy farms. Table 4 shows average data for the descriptive farm variables of each cluster. Cluster 1 includes 8 farms that showed low herd milk production due to a low milk yield per cow as well as a low stocking rate. Additionally, herd efficiency (proportion of milking cows in the herd) was low. The low milk yield per cow was due to a low dry matter intake per cow with a low proportion of concentrate in the diet (23%). As a result, this group showed the highest milk CF.
On the other side, Cluster 3 contained 9 farms characterized by high milk production due to a high milk yield per cow and high stocking rate. Herd efficiency was high as well. These farms used feed management practices with a higher forage intake per cow and a high proportion of concentrate in diets (39%). This group resulted in the lowest milk CF. However, the N excreted per hectare was higher than that of the other clusters though, which could lead to other environmental concerns from leaching and runoff of N. Cluster 2 was made up of 7 farms with intermediate production values.
The contribution of the different GHG sources associated with the milk CF for each cluster is presented in Figure  5 . For the three clusters, enteric fermentation was the largest contributor to milk CF, providing around half the total GHG emissions (57% for cluster 1 and 50% for clusters 2 and 3). Direct emissions of nitrous oxide from excreta deposited during grazing and indirect emissions of nitrous oxide from volatilized and leached nitrogen were higher for cluster 1 (Table 4 ). Production of feed (including fertilizer and diesel fuel production, energy for feed processing, and emissions from the field) generated a greater portion of total GHG emissions per kg FPCM as milk production declined, i.e. these GHG emissions provided a greater portion of the total on a per unit of milk produced basis for farms in cluster 1. On the other side, GHG emissions for purchased feed were higher for clusters 2 and 3. Emissions from manure management accounted for around 7% of the total. Although the EF was 10 times greater from a lagoon system than from excreta deposited in pasture, the weight of this activity on milk CF was lower as most of the excreta were on the pasture. The energy consumption in the parlor (electricity) made a relatively small contribution to the overall CF.
Discussion
Uruguay is a non-Annex I country in the Kyoto Protocol with no legally binding targets. Still GHG emissions have become a relevant issue for the government and scientists of this country. Both are members of the Global Research Alliance on agricultural GHG, which focuses on research and practices that increase food production without increasing emissions.
This study provides the first assessment of milk CF for Uruguayan dairy production systems. These data represent those regions (soil type and production systems) in the country where most of the milk production is located. Although the farms were not selected at random and therefore may not be representative of all dairy farms in the country, they provided the ability to study variations over a large number of farms. As expected and because of the use of professional technical assiantance the dairy farms analyzed produced 70% more milk than the average estimated for Uruguayan dairy farms (DIEA, 2009). Also milk yield per cow, expressed in kg FPCM, and stocking rate were approximately 22% and 39% greater than the Uruguayan average (DIEA, 2009).
Average milk CF for the 24 farms was 0.99 kg CO 2 eq/kg FPCM. The variation in production data found among the studied dairy farms suggests that the CF of Uruguayan milk production varies by at least ±10%. The actual variation is probably greater, since the production data used in our study were obtained from dairy farms with greater milk yield per cow than the average milk produced in Uruguay (Table 1) .
Soil carbon sequestration is another consideration that can further contribute to mitigation (Gerber et al., 2013; IDF, 2010; Rotz et al., 2009 ). In the last ten years, Uruguayan dairy farms have changed their management practices towards intensification and they have moved from the use of tillage to no tillage systems for crop establishment. Results from Díaz-Rossello and Durán (2011) reported an annual sequestration of 3483 kg CO 2 eq per ha on actual dairy farms due to these management changes. Including these changes in soil organic matter, reduces our average CF from 0.99 to 0.14 kg CO 2 eq/FPCM during the transition period where the soil C level increases to a new balance. This result is similar to that reported by Rotz et al. (2009) for Pennsylvania dairy farms.
The variation in milk CF presented here is in the same range of those reported in earlier LCA studies for grazing dairy systems (Belflower et al., 2012; O´Brien et al., 2012; Flysjö et al., 2011; Castanheira, Dias, Arroja, & Amaro, 2010; Basset-Mens, Ledgard, & Boyes, 2009; Lovett et al., 2006; Cassey & Holden, 2005b; Hospido, Moreira, & Feijoo, 2003) . However, as studies differ in methodology, comparison of results from different studies must be done with caution. The methodology used to estimate GHG emissions including methods for quantifying production, system boundary setting, the functional unit, and co-product allocation significantly affect the calculated CF. Since 2010, IDF has provided guidelines to help standardize the calculation of milk CF. Some papers published after this date have used this methodology, such as Flysjö et al. (2011) . To compare our results to their values, we can use their assumed EF and no allocation. The average milk CF for the 24 farms studied is then 1.04 kg CO 2 eq/FPCM and the CF of the clusters 1, 2 and 3 are 1.20, 1.00 and 0.94 kg CO 2 eq/FPCM respectively. The values reported by Flysjö et al. (2011) were 1.00 kg CO 2 eq/FPCM for New Zealand and 1.16 kg CO 2 eq/FPCM for Sweden. This comparison indicates that milk produced in Uruguay creates similar GHG emissions as milk produced in other developed countries.
Effect of Milk Yield
Many studies have shown the impact of milk yield on CF (Belflower et al., 2013; Gerber et al., 2013; Yan et al., 2013; Henriksson et al., 2011; Iribarren, Hospido, Moreira, & Feijoo, 2011; Kristensen et al., 2011; Rotz et al., 2010; Lovett et al., 2006; Casey & Holden, 2005a) and this has often been described as a linear relationship. , R 2 = 0.88) with a slightly greater correlation between CF and milk yield per cow. A linear relationship suggests that at some milk yield CF will be zero, which is not biologically possible. In the same way, the CF data reported by Hagemann, Hemme, Ndambi, Alqaisi and Sultana (2011) for many different counties can also be www.ccsenet.org/sar Sustainable Agriculture Research Vol. 3, No. 2; represented by a decaying exponential relationship with milk yield , R 2 = 0.92).
This exponential decline is a result of fewer cows being maintained to produce a given amount of milk. Methane emissions are influenced by the maintenance of animals as well as the production of milk, so maintaining more animals per unit of milk produced increases the CF, i.e. the portion of feed energy used for animal maintenance decreases as milk yield per cow increases. The importance of cow productivity is highlighted in Figure 5 . Because enteric emissions contribute the largest portion of total emissions, the key drivers of production, such as genetic merit for milk production and feed management, are important targets for emission abatement.
Effect of Milk Production
Of all milk CF studies, only the pastoral based systems (Guerci et al., 2013; Yan et al., 2013; Flysjö et al., 2011; Hagemann et al., 2011; Iribarren et al., 2011; Beukes et al., 2010; Rotz et al., 2010; Basset-Mens et al., 2009; Rotz et al., 2009; Lovett, Shalloo, Dillon, & O`Mara, 2006 , 2008 Casey & Holden, 2005a , 2005b Hospido et al., 2003) have reported milk production per unit of land area (kg FPCM/ha). Few studies have evaluated the relationship between milk production per unit land area (MPA, kg/ha) and CF. Our study identifies a strong relationship between these two variables. Improving milk production decreases CF if this production is associated with high yielding cows with greater feed efficiency (Figure 2 
Effect of Management Practices
Results of the PCA showed that two axes accounted for 86% of the total variation among farms, and those axes were mainly explained by feeding practices and herd management. The primary axis, which represented 71.8% of the total variation, was interpreted as an axis differentiating farms with respect to milk yield per cow and concentrate feeding level per cow (Table 3) . Hence, it was considered as an axis which contributed to a better analysis of cattle feeding strategies with variables that showed a high (negative) correlation with CF. The second axis explained 13.8% of the total variation and was mainly related to stocking rate and nitrogen excreted/ha (Table 3) . Thus, this axis emphasized differences among farms for variables related to land management (variables per ha) but with a lower correlation to CF ( Table 2 ). The results suggest that improvements in feed efficiency and herd performance will decrease the CF. Likewise, Gerber et al. (2013) identified improvements in feed and feeding practices, and better health and herd management practices as important mitigiation options for reducing CF.
In the cluster analysis, cluster 1 with 8 farms showed the highest CF (1.09) as explained by a low milk production, low milk yield, and a low efficiency in herd composition. This group was dominated by farms that did not feed sufficient concentrate per cow (2.6 kg/cow/day) along with reduced forage intake (8.3 kg DM/cow/day). Feed intake (total forage plus concentrate) was lower than the average (11.0 vs. 13.3 kg DM/cow/day averaged over all farms) probably due to poor forage production where the amount of purchased concentrate did not compensate for the reduced forage available per cow. As a consequence of poor animal performance (milk yield per cow and herd efficiency), the enteric CH 4 contribution to GHG emission was greater than the other two clusters. This cluster is most similar to the average Uruguayan dairy system.
Cluster 2 showed an intermediate CF (0.96) associated with an intermediate milk production and milk yield per cow. A characteristic of this cluster of farms was the highest consumption of concentrate per cow (6.3 kg DM/cow/day) with a relatively low consumption of pasture (7.0 kg DM/cow/day) and a total feed intake of 13.3 kg DM/cow/day. As a result, DM intake of concentrates was not efficiently converted to milk: 0.39 kg DM concentrate/kg FPCM compared to 0.32 averaged over the 24 dairy farms. This indicates that forage availability per cow was limited (only 53% of the total DM intake per cow).
Cluster 3 corresponded to the 9 farms with the lowest CF. Average milk yield per cow and feeding parameters reflect an intensification of milk production on these farms. Farms from cluster 3 also supplied a high amount of concentrate feed (5.9 kg DM/cow/day) with forage consumption greater than that in cluster 2 (9.3 kg DM/cow/day). So, total feed consumption was 15.2 kg DM/cow/day on average, with the most efficient conversion of DM to milk. Additionally, these farms had the highest herd efficiency, which means less replacement animals required per cow. The multivariate analysis conducted in this study showed that emission could be reduced by at least 15% if farmers from cluster 1, representative of most of the dairy farmers in Uruguay, adopted management practices which are currently applied by farmers of cluster 3. Addittionaly, this mitigation option will result in an increase in milk production. Gerber et al. (2013) also identified that management differences between milk produced with the lowest CF and that with the highest provides the greatest opportunity for mitigation.
Previous reports have concluded that improvement in animal production will increase methane emission per animal but ultimately reduce methane production per unit of milk produced (Mc Geough et al., 2012; Rotz et al., 2010; Lovett et al., 2006) . The focus to reduce CF has led to increasing the feeding of concentrates as a tool to increase milk production. However in grazing systems, efficiency of production depends highly on the use of pastures. Therefore, it is relevant to understand the combined effect of pasture and concentrate utilization in the performance of the integral system. For instance, Casey and Holden (2005b) reported that high concentrate feeding on Irish grazing systems often implies inefficient feed management. Their results showed that over feeding concentrates in grazing systems not only erodes profit but also leads to a greater CF. An increase in concentrate supply without efficient use of pastures will tend to increase CF.
Inadequate nutrition is one of the main factors limiting ruminant production (Gerber et al., 2013) . Low forage intake is often a consequence of over-grazing practices associated with a high stocking rate on low yielding pastures. As a result, some farmers try to compensate lower forage intake by increasing the amount of concentrate fed per cow, but this leads to a low efficiency in milk production per unit of total dry matter intake. Inefficient feed management practice was also highlited as an important feature for improving CF on dairy grazing systems in Ireland (Yan et al., 2013; Casey & Holden, 2005b) . Research, development and education are needed to avoid dairying practices with limited forage availability and inefficient feeding managements. The adoption of efficient technologies and good management practices to overcome these problems will lead to an increase in milk yield, reducing the CF of milk produced in grazing dairy systems while likely improving farm profitability.
Conclusions
In this first assessment of milk CF for Uruguayan dairy production systems, average milk CF for the 24 farms studied was 0.99 kg CO 2 eq/kg FPCM with a variation of ± 10%. Farms with more efficient production in terms of greater milk yield and a greater ratio of milking cows to total stock (i.e. early age at first calving and lower replacement rate) provided a lower milk CF. Lower CF was also associated with higher feed dry matter intake per cow using an appropriate mixture of pasture and concentrate feeds.
In grazing systems, efficiency of production depends highly on the use of pasture forage. An increase in concentrate supply without efficient use of pasture did not provide an expected reduction in CF. Low forage intake per cow in Uruguay is often a consequence of high stocking rates on low yielding pastures. Technical advice on feeding is needed to increase forage intake (grazed or conserved forage) and as a consequence to use concentrate feeds more efficiently. Improved grazing management will increase milk yield, reducing the CF of the milk produced while likely improving farm profitability.
The CF has become a relavant issue for Uruguay due to the high export of commodities and growing international consumer concern over a product´s CF. From an exporting nation´s perspective, Uruguay should adopt measures to provide environmentally as well as economically competitive products. Policies like labelling and certificate programmes, along with economic incentives, are needed to encourage farmers to mitigate emissions.
